A new experimental set-up is described that allows the measurement of the X-ray reflectivity of thin layers that are contained in a growth chamber (in situ). The X-ray reflectivity measured with our angular dispersive glancing incidence reflectometer is identical, within experimental error, to that measured with a conventional highresolution diffractometer.
Introduction
Glancing incidence X-ray reflectivity measurements (for recent reviews see Sinha, 1991; Stamm, 1992; Zabel, 1994) provide access to the parameters of thin-layered structures such as surface and interface roughness, layer thickness, and material density (Plotz, Holy, Hoogenhof & Lischka, 1994; Holy, Kubena, Ohlidal, Lischka & Plotz, 1993; . Until now, X-ray reflectivity measurements were performed using goniometer-based experimental set-ups with a plane-wave incidence beam. However, these set-ups are difficult to use when thin layers are investigated during growth (in situ), although in situ X-ray experiments have already been carried out, for example small-and large-angle scattering under grazing incidence (Lairson, Payne, Brennan, Rensing, Daniels & Clemens, 1995) , X-ray reflection (Schlatmann, Lu, Verhoeven, Puik & van der Wiel, 1994; Chlfidek, Dorner, Buchal, Valvoda & Hoffmann, 1996; Chason, Mayer, McIllroy & Matzke, 1993; Chason & Chason, 1994) , as well as high-angle diffraction (Chlfidek et al., 1996) . However, these measurements were all carried out with goniometerbased set-ups, where it is necessary to design a special growth chamber. This paper describes an experimental set-up that allows the measurement of the X-ray reflectivity during growth of thin layers, e.g. by molecular beam epitaxy (MBE). Obviously, such a set-up must have some features that are not required for X-ray reflectivity measurements in air: (i) No part of the reflectometer should be mounted inside the (vacuum) deposition system. (ii) Sample movement during the measurement should also ¢ 1997 International Union of Crystallography Printed in Great Britain -all rights reserved be avoided. Although not critical, movement of the Xray source should be avoided too.
It is shown here that two requirements can be met by a set-up where monochromatic X-rays are focused onto the sample surface (Naudon, Chihab, Goudeau & Mimault, 1989; Chihab & Naudon, 1992) . This is termed an 'angular dispersive' set-up. The sample is oriented in such a way that X-rays hit the surface under various angles of incidence and are reflected accordingly. Fig. 1 shows the angular-dispersive glancing-incidence X-ray reflectometer (AD-GIXR). The X-rays from a Philips LFF Cu 2.2 kW fixed-anode tube, which has a line focus of 12 x 0.4 mm, are focused by a 'Johansson' monochromator (Johansson, 1933) shape with a radius of 2Rf and then bent so that its surface forms a cylinder with a radius R/.. The Si (333) reflex was used. To obtain the desired focusing effect, the surface of the monochromator crystal, the line focus and the sample must all be situated at the Rowland's circle (radius Rf) as indicated in Fig. 1 . For this arrangement, all X-rays will strike the lattice planes of the crystal at the same angle 0in and will all be reflected with an angle 0ou t. When these angles match the Bragg condition, only X-rays with a certain wavelength are reflected, yielding a monochromatic and focused X-ray beam. The distances between the X-ray source and the centre of the monochromator and between the monochromator and sample are both about 500 mm. No parts of the reflectometer are closer than 300mm to the sample, allowing the sample to be mounted in a growth chamber as shown schematically in Fig. 1 . The size of the monochromator crystal is 50 (curved)× 15mm (flat). The distance between the sample and the detector is 370 mm. For the detection of the reflected X-rays, a proportional counter equipped with a receiving slit (slit B in Fig. 1 ) was used. Fig. 2(a) shows the distribution of the X-ray intensity as a function of kinc,_L, where kinc,_t_ is the component normal to the sample surface of the wave vector of the primary monochromatic X-rays, measured in the detector plane with the sample stage removed as indicated in Fig. 2(b) . The detector has to be moved in the opposite direction in comparison with the reflectivity measurements.
Results
The intensity of the primary beam varies by a factor of three within the detector scan range of about 1.5 ° . This effect, which is most likely due to a deviation of the monochromator from its ideal form, cannot be neglected. This deviation may be caused by undulations of the bent Johansson monochromator crystal.
All the reflectivity scans shown below were numerically compensated for the angular variation of the primary intensity. The measurement of the primary intensity was repeated a few times after the reflectivity scans; all results were identical within experimental error.
Using a slit in front of the monochromator, one can perform reflectivity scans comparable with goniometerbased set-ups. Slit A in Fig. 1 limits the The positions of slits A and B can be calculated based on geometric considerations, since the distance from the sample to the detector plane and the distance from the X-ray focus to slit A are well known. Then, the positions of the two slits are aligned with two high-precision servo motors.
X-ray reflectivity curves of two different samples were measured by this method. The results of these measurements are shown in Figs 3 and 4. These show the reflectivities of thin Ni layers on glass substrates. The triangles are experimental data obtained with our angular-dispersive set-up (AD-GIXR). The reflected intensity is plotted against Q2_ = 2kin,:.~_, which is the component normal to the sample surface of the scattering wave vector Q. The influence of the primary intensity variation (Fig. 2a ) was eliminated numerically. Also shown in these figures are the reflectivities of the same samples measured by a high-resolution diffractometer (HRD) with a four-crystal Ge monochromator in the primary beam, yielding monochromatic X-rays with a divergence of 12 arcsec, which corresponds to a resolution ofAk± = 2.3 × 10 -4 ~k -I. The data are plotted as squares and shifted by a factor of ten. The curves are the best-fit calculations for the specular reflectivity using the parameter sets given in Table 1 . The thickness of the Ni layer, the root mean square (r.m.s.) roughness of the glass-Ni interface and the Ni layer surface are found to be equal within experimental error, which is estimated to be less than + 5 A for the thickness and about + 2 ,~, for the roughness. The difference in the experimental data for Q± < 0.05A-l is due to a difference between the illuminated sample areas in the experimental set-ups used for the measurements. For the HRD measurement, a point focus was used and for the measurement with our new AD reflectometer a line focus was used. The increase in intensity below the critical scattering vector can be calculated with the assumption that the incident beam is a plane wave, the shape of the sample is a rectangle and the surface of the sample is normal to the plane of reflection.
The experimental data indicate that our angular dispersive X-ray reflectometer allows one to measure the X-ray reflectivity of samples contained in a growth chamber. Therefore, it is concluded that the reflectometer can be used for the characterization of crystalline and also polycrystalline layers with thicknesses of between 75 and 1000A during growth (in situ). The minimal measurable layer thickness is limited by the range of Q±. Layer Thickness Roughness System material (A,) (A) AD-GIXR ( Fig. 3) Ni 87.7 (5) 10.9 (2) SiO2 zc 5.0 ( 1 ) HRD (Fig. 3) Ni 91.5 (5) 11.6 (2) SiO2 ~ 4.9 ( 1 ) AD-GIXR (Fig. 4) Ni 277.5 (5) 11.6 (2) SiO2 zc 4.9 ( 1 ) HRD (Fig. 4) Ni 281.4 (5) 12.9 (2) SiO2 "~ 4.5 (1)
During the measurement, no part within the growth chamber must be moved. Additionally, the growth chamber itself can be kept fixed. The reflectometer can be mounted on to any growth chamber. The only requirements are two flanges in line with the sample surface [e.g. the flanges of a reflection high-energy electron diffraction (RHEED) system in an MBE system].
Summary
In summary, this paper has described an X-ray reflectometer where a Johansson monochromator is used to focus X-rays onto a sample surface at glancing incidence. The reflectometer allows the measurement of the X-ray reflectivity of thin layers that are contained in a substrate measured with the new reflectometer (AD-GIXR) (triangles) and with a high-resolution diffractometer (HRD) (squares). The corresponding simulations for the specular reflectivity are drawn as full curves using the parameters given in Table 1 . The corresponding simulations for the specular reflectivity are drawn as full curves using the parameters given in Table 1. growth chamber. First, measurements with our AD-GIXR yield experimental results that are equal, within experimental error, to those measured with a conventional high-resolution diffractometer. These results demonstrate that our AD-GIXR may be used for accurate measurements of the layer thickness and the surface roughness of thin films during growth.
